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Abstract

Limits on charged scalar Yukawa couplings from r and B decays are dis-
cussed. They (and other existing limits) are consistent with “strong” couplings
(0(1) for the third generation) even if the lightest scalar mass is in the range
20 GeV /c? £ My S 100 GeV /e? but saturated in this case. BR(B — rvX)
and (for My > m;) BR (T — 7vX) may be then as large as 30% and 70%,
respectively. Both for My < m; and M; > m, the potentially possible top

quark signature in pp collisions is (r + 2jets) final state. The upper limit for
r — vnn is 0(.003%).

*On leave of absence from the Institute for Theoretical Physics, Warsaw University, Warsaw,
Poland.
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I. Introduction

In most “beyond the standard” models several Higgs doublets are present and con-
sequently the weak forces are mediated, in addition to the intermediate vector
bosons, by charged scalar particles. Models with two and three scalar doublets

hatve bean axnlicitlv studied and some constraints on e gquar n
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have been derived from the K° — K°, D° — D° and B® — B” mixingi+? and from the

CP violation.l®¥l One appealing possibility is that in three (or more) doublet models
the hierarchy of the vacuum expectation values is such that the Yukawa couplings
are of the same order for the members of a given heavy generation and 0(1) for the

third generation (we shall call such couplings “strong”).

On phenomenological side it was repeatedly pointed out that the data in the
light lepton and quark sector still admit relatively large deviations from the V — A
structure of the charged currents.

A recent thorough analysis! of the high precision data (including polarization
measurements) on muon decay, inverse muon decay, 712 decays and nuclear Gamov-
Teller transitions shows that in those reactions the effective scalar coupling might
be of the order of ten percent of G, provided it is proportional to the lepton mass.

In this paper we analyse the limits on the charged scalar couplings from the
7 and B decays. In three (or more) doublet models with “natural” absence at
the tree level of flavour changing neutral currents there are two independent sets
of Yukawa couplings, driving the up and down quark masses, respectively. Our
bounds are consistent with both being 0(1) for the third generation and they are
in fact saturated by such strong couplings if the lightest scalar mass is in the range
20 GeV S My < 100 GeV. In this case the branching ratios BR(B — rvX) and
(for My > my) BR(T — rvX) mey be as large as 30% and 70%, respectively.
Thus, those channels are very restrictive for potential scalar exchange.

In particular, in view of the potential possibility for the branching ratio for
B — rv X to be so large, it is of clear interest to use the available data to place better
limits on this decay mode. This should be possible; by analyzing the momentum
spectrum of the electrons in the decay B — eX. The shape of the spectrum would be
sensitive to a large contamination of B — 71X with the subsequent decay 1 — evv
(we thank U. Baur for discussion on this point).
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II. 7 — decays

Our notation (for effective couplings) is as follows:

1

s Y -y
v
u.

}
————— = (\
P

g

We also define the effective scalar couplings G, e.g.
YiY, Y.,
Ghu =~ Gu=735
I M3 M}
and the ratios H, e.g.

G, /Gr = H,

G, /Gr = Hyy

As it has already been mentioned, from the e — u sector one gets the limitl4]

H,, <022
provided that
m, my
=Yy, = —#
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With scalar exchange included, the rate for the decay v — uv¥ reads:
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Analogous formula holds for 7 — ev but due to eq.(4) the scalar exchange con-
tribution is negligible as compared to the contribution to r — uvp. Now, the

ratio
I(r — pvw) — T(r — evw)

B= I'(r — evD)

= (0.016 £ 0.037) (6)

can be used to place the limit on H,,. Using eq.(5) we have

anﬁ my Hfm m Hiu

and, from (6),

<25 8)

anl"

Let us now study the scalar exchange contribution to the hadronic 7 decay
modes. The rate for 7 — 7~v is measured with good accuracy. The full amplitude
reads

M = \/_ { Jrk¥ cos @ T v,(1 — v5) 108 +

Y;

+ 2\/' 2Gr M}

(Y Y,f,) < 77 |dvul0 > T, (1 + ~5)r } (9)

where k* is the pion four-momentum, f, and ¢, its decay constant and wave func-
tion, respectively, and ©, is the Cabibbo angle. One gets

Gificos’®, m2)?
L{r — rv) —Llr ¢ Ton m3 ( - m—;)
1+ ',[H&, - H,f‘d‘,) < 7~ |dv5ul0 > o, ? (10)
2v/2m, fr cos O,

In spite of the apparent correction the prediction in eq.(10) cannot be distinguished
from the one in the standard model provided Y,/Y, = m,/m,. Indeed, the pion
decay constant f, is measured in the decay * — u7 whose decay rate is in this case
subject to the same (numerically) correction. Thus, presence of the scalar contribu-
tion leads to a rescaling of f, but does not affect the standard model prediction for
7 — nv and no bound can be obtained from this process. Analogous result holds
for the decay r — Kv and the kaon decay constant k.
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We are nevertheless able to get certain constraint from the fact that the effective
fr and f, satisfy f./fx ~ 1/1.27. Thus

1 27f 1 + -(Hlﬁ,f - Hlfd,r) < 1r|z'75u\0 > Soﬂ'
o 2\/§m,f1r cos O,
PN (HE, - HL,.) < K[#71°u]0 > o4 2 (1)
* 2v/2m, fx sin ©,

and the pseudoscalar current matrix elements can be evaluated from PCACIE!:

2
|<al@ulo>| = Y2LmE
my + my
2
| < K|sy%ul0 > | f—%g& (12)

Since we expect fy ~ fx, under more specific assumption about the scalar sector
eq. (11) and eq. (12) can provide approximate constraint on the couplings H,.,
and Hy, .. This we explore in the context of the three doublet model.

III. B-decays

In the standard model we have

ﬂ_s Cee|Vbc\2 + Cue‘vbu‘z (13)

where the numerical factors C, and C,, contain phase space effects and QCD
corrections for the transitions b ~+ cev and b — uev, respectively. Eq. (13),
rewritten in the form

I(B ~ evX) = G—%T-ic [Vie|*[1 + R] (14)
19273
where CorlVi 2
R = —Susibul ; 15
Cce|Vbcl2 ( )

is used to determine |V}.|? given the experimental data for BR(B — evX), the B
meson life time, the ratio R {from the momentum spectrum of leptons) and the
“theoretical” value of C.,,C., ~ 0.4/ (with 5% error). Since we focus on scalar
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couplings proportional to the lepton mass the result (13) does not change even with
the scalar exchange present. Let us now consider the channel b — ¢rv (and similarly
b — cZs but, as we shall see in the next section, in multi-doublet models the scalar
contribution to the latter is strongly suppressed): 2

Gimi 2 2 2
(B — Xrv) = 10273 Cer|Vie| + Cur|Vou| +Af|Vu| (16)
where
2 2
_ 1 L R 1
5 = g{|E] + (k] Jourin
Cor = 0.06 (17)

To our knowledge there is no experimental upper limit for BR (B — Xrv) but we
can place a limit on A from its corresponding reflection on the total width and on
the predicted BR (B — erX). The total width is:

5

I'(B— X)= %[Q]%,P + CulViu|? + (Ar + A Vi (18)
where A, describes the scalar contribution to & — ¢&s. The coefficients C, and
C. are subject to various uncertainties mainly due to the choice of the quark mass
values and to the strong interaction effects.’! A fair choicel®! C, = 2.75 together
with experimental branching ratio BR(B — evX) = (12.3 £ 0.9}% leaves some
room for scalar contribution. Using eq.(13), eq.(18), C.. =~ 0.4 and setting R =

Clue|Viul?/CeelVae|? = O (experimentally R < 0.03) we get

A, +A,£07-08 (19)

IV. Multi-doublet Models

As it is well known, in such models the flavour changing neutral currents are
“naturally” {irrespectively of the values of the Yukawa couplings) eliminated at
the tree level if only one scalar doublet couples to the up quarks and one other

3In the first approximation we neglect the interference between V — A and scalar amplitudes.
This is justified a posteriori by the value of the upper bound on A as compared to C.,
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scalar is coupled to the down quarks.!'%l® In addition, for ¥; = m,/v, only one scalar
must couple to leptons (one of the two or one other}). We do not consider here the
possibility that the tree level flavour changing neutral currents are avoided by an
“ad hoc” adjustment of large Yukawa couplings.

In the mass eigenstate basis the charged scalar couplings to fermions read:
Ly = ?1GY'T|MyKY Y0} P, — KMp Y X8} P|D
- VMLPRLE X.'Q?- + h.c. (20)

where K is the Kobayashi- Maskawa matrix and My, Mp and M}, are mass matrices
for the up, down quarks and leptons, respectively. The explicit expressions for the
constants X; and ¥; in terms of the vacuum expectation values are well known in
the two-and three-doublet models.!11

In the two doublet model X = 1/Y. In the three doublet model there is no such
constraint and both couplings may approach the perturbativity limit

224G Yi|m, ~ 234GY?| X;|my ~ O(v/3r) (21)

These limits are consistent with the constraints derived from the renormalization
group approach, eq. (18) in (%], which give |Y;| < 5, |X;| < 50.

We have assumed leptons and down quarks to get masses from the same scalar
doublet since, as we shall see, in both two-and three-doublet models this gives the
strongest coupling of leptons to scalars.

In several previous papers the limits on Ys have been derived from the K°— K°

and B° — B" mixing (% and from the CP violation in the kaon system.[*] Roughly
speaking, for light scalars (M, ~ (20 — 100)GeV), those limits coincide with the
perturbativity limit (21) (one getsl?! {¥| 2\[%_—?) As long as X; S Y; the effective
scalar couplings are then some orders of magnitude below the experimental limits
(3), (8) and (19), even for M, ~ 20GeV. At the tree level, only ¢ decays are sensitive
to the ¥ coupling. However, it is perfectly possible that Xi > Y, (e.g. both Yukawa

3There is also a less general possibility to couple all quarks to only one scalar. The discussion
can be easily restricted to this case and also the bounds on the Yukawa couplings become more
restrictive,
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couplings are equally important for the third generation) and then X; couplings
dominate in all but ¢ decay sectors. 4

Neglecting in the first approximation all but the lightest Higgs exchange contri-
bution to the effective coupling we get from (20)

m m

HE B, =901 m [T (22)

Eq.(11) can now be used to place limits on H®s if we make a plausible assumption
that 1 < 1.27f,/fx < 1.27. One gets

HE <03, HE <13 (23)

wu,r

When expressed in terms of X the limits (8) and (23) are similar and give
| X| < 2[My/1 GeV] (24)

whereas the limit (3) is somewhat weaker.

It turns out that the strongest limit for X is provided by B decays, eq. (19).
We get

|1X| S 0.9[M,/1 GeV] (25)

The difference between the bounds (25) and (24) is important since cross sections are
proportional to X*. For instance the bound (25) makes the scalar contribution to
7 — pvv smaller than 0.4%. On the other hand, if (24) was saturated the B — rv X
decay would saturated the total B width, in contradiction to experimental evidence
for B — evX, B — urX and simple quark counting. Since eq.(25) is the strongest
limit presently available we can use eqs. (6),{18) and (19) to estimate the upper
limit for BR(B — rvX):

BR < 30% , (26)

to be compared to the standard model result ~ 2.5%.
For the top quark decay t — brv we have

e [1 e [y + (x| ]Ejl—: (27)

T{t — brv) =

4The following discussion, including eq.(24) and (25) holds for both two-and three-doublet models.
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Taking the upper limit (X/M4)* = 0.7 GeV 4 and ¥ = 37X, 5 my x50 GeV, we
get the bound (if My > m,)®

BR(t — rvX) < 70% (28)

and also the top hadron life-time about 2 times shorter than in the standard model.
The branching ratios for the semi-leptonic decays into electrons and muons would
be correspondingly smaller than in the standard model.

Given the bound (25) we can estimate the contribution of scalar exchange to
channels strongly suppressed in the standard model, like e.9.G = -1,P = 41
decay mode r — vrn. This is of interest in the context of the “missing mode”
puzzle in 7 decays.' The order of magnitude estimate is given by the inclusive
rate 7 — ¢v — ggv. We get .003% as the upper limit for 1 — vdu and 0.06% for
T — USsu.

Finally, let us comment on the K®* — X°, B —B® and D° - B° mixing, It is

not difficult to see that the first two mainly constrain the Y couplings and the
last one is sensitive to the X-couplings.[*? Our calculation with both terms present
(Lagrangian (20)) shows that the K° — K° and B® — B° mixing is consistent with
the derived bounds.'¥! For D% — D° mixing we get Amp ~ 0(107¢ GeV) (for
M, = 50 GeV and using (25)).

V. Conclusions

Strongly coupled scalars, with couplings 0(1) for the third generation, have
several theoretically attractive features, as advocated for instance in ref.[3]. The
bounds on the Yukawa couplings derived in this paper from 7 and B decays are
consistent with “strong” couplings. (The specific set of parameters proposed in
ref. [3] in a model for the CP violation seems, however, to be ruled out by our
bounds). If the mass of the lightest scalar is in the range 20 GeV M; < 100 GeV
those bounds are saturated by such strong couplings. Thus, strongly coupled scalars

SFor My s m, this agrees with 9 |¥] < 3/ Y=
8If My < m, the top quark total decay width is within very good approximation given by t — bg
and the BR for other decay modes are very small.
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in that mass range, if they exist, should be soon observed directly and indirectly.

The branching ratios for B — rvX and if (M; > m,) for T — rvX are most
promising and most restrictive for potential scalar exchange. With the present
limits saturated they may be as large as 30% and 70%, respectively. For My > m;
the top quark decay signature would then be t — 7+ jet and for m; > M, the
decay t — b¢* — 7+ jet could be the dominant one. In both cases the top quark
signature in pp collisions could potentially be the final state 7 + 2 jets(the second
jet is expected from W — tb decay).

Large contribution of B — rvX with the subsequent decay r — evr would
reveal itself in the shape of the momentum spectrum of electrons in B — ¢X. Such
an analysis is perhaps possible even with the presently available data.

All the limits have been derived under the assumption of “natural” absence of
flavour changing neutral currents but they do not depend on any further details of
the Higgs sector.
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